Replicon systems are important molecular tools for investigating the function of virus proteins and 26 regulatory elements involved in viral RNA synthesis. We developed an ambisense minigenome 27 system for Rift Valley fever virus (RVFV) to dissect the effects of L gene mutations on viral 28 transcription versus replication. The S RNA segment with regulatory elements for ambisense gene 29 expression served as backbone for the minigenome. Expression of the luciferase reporter gene 30 allowed the overall activity of the RVFV replication complex to be assessed, while northern blot 31 analysis enabled differentiation between synthesis of viral mRNA and replication intermediates. 32
Introduction

42
Rift Valley fever virus (RVFV) is an important human and animal pathogen in Sub-Saharan Africa 43 and on the Arabian Peninsula. RVFV infections cause death and abortion in ruminants and 44 pseudoruminants and outbreaks may be associated with a high economic burden. In humans, the 45 virus may cause febrile illness including hemorrhagic fever with fatal outcome [1, 2] . As medical 46 countermeasures to prevent or treat the disease in humans are lacking, it is listed on the WHO 47 blueprint for urgent research and development [3] . 48 RVFV belongs to the family of Phenuiviridae within the Bunyavirales order and contains a tri-49 segmented single stranded RNA genome with negative polarity. The small (S) RNA segment 50 utilizes an ambisense coding strategy; the nucleocapsid protein (N) is encoded in antisense 51 orientation and the non-structural protein (NSs) in sense orientation. Both genes are separated by an 52 intergenic region (IGR). The middle and large (M and L) RNA segments contain genes for the 53 glycoprotein precursor, the nonstructural protein NSm, and the large L protein (~250 kDa), 54 respectively. N and L proteins together with the viral RNA constitute the viral replication 55 complexe, the structural unit for genome replication and transcription [4] . 56 Several minigenome systems have been established for RVFV and were used to study the function of 57 proteins and regulatory elements involved in RVFV genome replication and transcription [5] [6] [7] [8] [9] . 58 However, these systems have not been optimized for comprehensive mutagenesis studies aiming at 59 measuring simultaneously genome replication and transcription: (i) the measurement range (i.e. the ratio 60 between positive and negative control) of the reporter gene assay is rather small [7, 9] , although 61 performance could be improved upon depletion of cellular protein kinase R [9], (ii) the read-out requires 62 complex experimental procedures (i.e. virus-like particle production and transfer on indicator cells, 63 chloramphenicol acetyltransferase [CAT] assay, and/or infection with Modified Vaccinia virus Ankara 64 expressing T7 RNA polymerase [MVA-T7]) [5, 6, 8, 9] , and/or (iii) the systems require transfection of 65 plasmids hampering generation of larger numbers of L gene mutants [6] [7] [8] [9] . 66
In this article, we report the establishment of an ambisense minigenome system for RVFV based on 67 4/15 the viral genomic S segment. It has been designed in analogy to the T7 RNA polymerase-driven 68 minigenome system published for Lassa virus [10] . It provides a measurement range of two to three 69 log units even after transfection of PCR products for expression of L protein, which is important for 70 rapid and large-scale mutagenesis of the L gene. Luciferase reporter gene expression allows for 71 assessment of the overall activity of the RVFV replication complex, while northern blot analysis of 72 viral RNA facilitates easy discrimination between products of viral transcription and replication. A 73 mutagenesis study for the L protein was conducted to demonstrate that the established RVFV 74 system is suitable for studies with the aim of dissecting the molecular mechanisms of replication 75 and transcription. 76 77
Materials and methods
78
Direct sequencing of RVFV
79
Overlapping fragments of RVFV-ZH501-BNI S, M, and L RNA, respectively, were reverse 80 transcribed, amplified, and sequenced directly. In order to generate a S RNA based minigenome 81 with an authentic promoter of strain ZH501-BNI, the conserved 5' and 3' termini of S RNA were 82 sequenced as described previously [11] . In brief, purified virus RNA was treated with 5 units of 83 tobacco acid pyrophosphatase (Epicentre) to generate 5' monophosphorylated termini. 84 
Results and discussion
157 Essential components for an ambisense minireplicon system for RVFV, namely L gene, N gene, 158 and minigenome, were integrated into appropriate vectors for T7 RNA polymerase-driven 159 expression in BSR-T7/5 cells (Fig 1) . The S RNA segment containing regulatory elements for 160 ambisense gene expression was used as backbone for the minigenome. The latter contained CAT 161 and Ren-Luc genes in sense and antisense orientation to measure transcriptional activity of the 162 system, although only Ren-Luc expression, which is solely dependent on the activity of the RVFV 163 polymerase, was measured in this study. Expression of firefly luciferase from co-transfected 164 plasmid served as internal control for transfection efficacy. To demonstrate functionality of the 165 system, experiments were conducted with wild-type L protein. An L protein mutant containing a 166 mutation in the catalytic site of the RNA-dependent RNA polymerase (D1133N) served as a 167 8/15 negative control. Wild-type L protein mediated high levels of Ren-Luc expression (up to 1,500,000 168 light units), while the inactive mutant showed 100-1,000 fold less Ren-Luc expression. RNA 169 products of genome replication (antigenome) and transcription (Ren-Luc mRNA) generated by 170 wild-type L protein were clearly visible as distinct signals in northern blot (Fig 2 and S1 Table) , 171 similar to the ambisense Lassa virus minigenome system [10, 15, 16] . Transcription signals for the 172 D1133N mutant were absent but an unspecific background signal at the antigenome position was 173 sometimes observed on the northern blot, which was taken into account in the quantification of 174 antigenome signal intensity. The precise nature of the unspecific material is not known. 175
To validate the RVFV minigenome system, we tested L protein mutants with exchanges of residues 176 presumably involved in the endonuclease active site. The endonuclease domain has been located in 177 the N-terminal ~250 residues of RVFV L protein [9] and is predictably required for viral 178 transcription, as demonstrated for the corresponding domain of Lassa virus L protein [15, 17] . 179
Putative catalytic residues D111, E125 and K143 were selected based on amino acid alignments of 180 RVFV with La Crosse virus and hantavirus endonuclease domains as well as prior functional and 181 structural information on the catalytic site [9, 18, 19] . Mutation of these residues to alanine resulted 182 in a strong decrease in Ren-Luc activity (Fig 2 and S1 Table) . On northern blot, replication products 183 were detected, whereas Ren-Luc mRNA was absent consistent with the low level of Ren-Luc 184 activity. In summary, alanine substitution of RVFV L protein residues predictably involved in 185 endonuclease activity led to a selective defect in viral transcription. The transcription-defective 186 phenotype could be demonstrated using the ambisense minigenome system. Northern blots were performed two to three times per mutant and signals on northern blots were 198 quantified using ImageJ2 software [20] . The quantitative data are presented in S1 Table. The 199 methylene blue-stained 28S rRNA (28S) served as a marker for gel loading and RNA transfer. 200 Additionally, immunoblot analysis of 3xFLAG-tagged L protein mutants is shown (L). Mutants 201 with an mRNA defective phenotype are marked with an asterisk. For experimental details see 202 methods section. Dotted lines indicate removal of irrelevant lanes for presentation purposes. 203
Original blots are included in the supporting information (S1 File). (B) Further L protein mutants 204 were tested in the RVFV ambisense minigenome system essentially as described in (A). The bar 205 graph represents mean and standard deviation of 6 independent measurements for the Ren-Luc 206 activity. Northern blot analysis was performed twice; the figure depicts one representative 207 experiment. The quantitative data are presented in S1 Table. Dotted lines indicate removal of 208 irrelevant lanes for presentation purposes. Original blots are included in the supporting information 209 (S1 File). 210
211
Besides the endonuclease, a cap-binding function is important for viral transcription. It has been 212 hypothesized that the C terminus of bunyavirus L protein is involved in this function [21, 22] . 213
Furthermore, a role for the C terminus of Lassa virus L protein in viral transcription was proposed 214 based on a mutagenesis study using the Lassa virus minigenome system [16] . A typical structural 215 motif of the cap-binding site comprises two aromatic amino acid side chains forming a sandwich 216 with the guanine moiety of a cap structure. Additionally, the triphosphate moiety of the cap 217 structure is often interacting with positively charged amino acids. However, a cap-binding site does 218 10/15 not feature a specific sequence motif; therefore it is not possible to predict residues potentially 219 involved in cap-binding just based on sequence. 220
We used the RVFV minigenome system to investigate whether the C-terminal region of RVFV L 221 protein might play a role in viral cap-snatching. Based on an alignment of phlebovirus L protein 222 sequences, 34 partially or completely conserved aromatic and positively charged amino acids were 223 selected for an alanine mutation screen (S1 Fig) . Ten of these residues were found to be important 224 for transcription but not replication of the viral genome (Fig 2 and S1 Table) . Four residues were 225 aromatic or heteroaromatic (Y1728, Y1800, H1858 and F2007) and six were positively charged 226 (K1680, K1682, K1839, R1841, R1942 and R2068). A subset of these residues was additionally 227 modified to serine and aspartic acid. All these modifications resulted in a selective defect in mRNA 228 synthesis, which confirmed the involvement of the C-terminal region between positions 1680 and 229 2068 of the RVFV L protein in viral transcription (Fig 2 and S1 Table) . 230 231
Conclusions
232
We developed an ambisense minigenome system for RVFV, which is suitable for screening of L 233 gene mutations for their impact on viral transcription and replication. As a proof of principle, the 234 system was used to probe residues potentially involved in the endonuclease active site. 235
Corresponding mutations resulted in a selective defect in viral transcription, as has been reported 236 for other viruses of the Bunyavirales order [15, 23] . Additionally, the system facilitated identifying 237 residues in the C-terminal region of RVFV L protein being important for viral transcription but not 238 replication. However, these data is no proof for the existence of a cap-binding site. They merely 239 demonstrate a specific role of the identified amino acids during viral transcription. Further 240 conclusions require biochemical and structural data. 241
In summary, the established RVFV ambisense minigenome system (i) is suitable to screen L 242 mutants without cloning, (ii) yields sufficient signal strength without depletion of the cellular 243 11/15 protein kinase R [9], and (iii) allows for technically simple discrimination between viral 244 transcription and replication. Therefore this system is well suited to validate hypotheses arising 245 from structural or biochemical investigation of the RVFV replication complex. 246 247 Acknowledgement 248 We thank Martin Meyer and Beate Becker-Ziaja for excellent technical assistance. We thank 249 Sophia Reindl for fruitful discussions and also acknowledge support by Stephanie Jansen and 250 Stefanie Becker. 251 252
